Ovarian hormonal signaling is essential for proper functioning of the uterus in the establishment of pregnancy. Previous studies have demonstrated that decidualization, a stromal transformation that occurs in response to embryo implantation, can be elicited in the uterus of estrogen receptor ␣ knockout (␣-ERKO) mice in the absence of the estrogen dependence normally seen in wild-type (WT) mice for this response. While the ␣ERKO stromal compartment demonstrated the necessary decidual response, embryo implantation is a process initiated in the epithelial layer, a uterine component that lacks estrogen responsiveness in the ␣ERKO. To determine if the ␣ERKO uterus would be competent for implantation, donor embryos were transferred into the uterine lumen of WT and ␣ERKO females that had been ovariectomized and treated with exogenous estradiol and progesterone to mimic early pregnancy. No implantation occurred in the ␣ERKO, while implantation sites containing live embryos were seen in similarly treated WT uteri, indicating that functional estrogen receptor ␣ (ER␣) is required for implantation. Previous observations of estrogen-independent decidualization in the ␣ERKO prompted investigation of the mechanism leading to estrogen independence of this process. The disruption of progesterone receptor (PR), Hoxa10, Cox2, or LIF in transgenic mice results in the loss of decidualization response. Therefore, the expression of these genes was studied in WT and ␣ERKO uteri by comparing expression following vehicle, progesterone alone (P), or estradiol priming followed by progesterone with nidatory estradiol (E؉Pe) and by comparing expression following the above hormonal manipulations in addition to luminal infusion of oil used previously as decidualization-initiating stimulus. The whole-uterus level of PR and Hoxa10 mRNAs did not vary; however, the PR protein was induced in the stroma 24 h after oil infusion. Interestingly, in the WT, this induction was most apparent in samples receiving E؉Pe, while in the ␣ERKO samples, the induction occurred independent of any hormone priming. Cox2 protein and mRNA increased in both WT and ␣ERKO samples 2 h after oil infusion in all three of the treatment groups. In the WT samples, Cox2 levels remained elevated 24 h after oil infusion only in the E؉Pe treatment group; however, the elevated Cox2 was seen in samples taken 24 h after oil infusion in all three ␣ERKO treatment groups. The ␣ERKO uterine tissue appeared to sustain more extensive damage when examined 24 h after oil infusion. Severe trauma, such as crushing of the uterine tissue, has previously been shown to remove the requirement for nidatory estradiol for deciduomas to develop, indicating that the greater susceptibility of ␣ERKO uterine tissue to damage from intraluminal oil infusion is contributing to decidualization in the absence of ER␣. Leukemia inhibitory factor (LIF) mRNA was also induced following estradiol treatment in the WT, but also following oil infusion in WT samples that were not treated with estradiol. In contrast, estradiol does not induce LIF mRNA in the ␣ERKO, but oil infusion leads to a robust increase in LIF in all ␣ERKO sample groups. LIF binds and activates its membrane receptor, which initiates responses including the phosphorylation and nuclear translocation of Stat3 transcription factor. Thus, Stat3 phosphorylation was studied in WT and ␣ERKO samples and found to be induced following oil infusion in all samples. Together, these and previous observations illustrate that estrogen is essential for epithelial proliferation and embryo implantation and that estrogen is dispensable for stromal decidualization in the ␣ERKO, as the essential genes and signals required for the response are still induced.
INTRODUCTION
Mammalian implantation is a complex process involving interaction between the implanting embryos, the reproductive tract tissue, and endocrine hormone signals that modulate the necessary components [1] . Transgenic mouse models with disrupted ability to implant embryos or undergo the uterine responses required to initiate and maintain pregnancy illustrate the complexity of implantation. The female estrogen receptor ␣ knockout (␣ERKO) mouse, which lacks functional estrogen receptor ␣ (ER␣), is infertile [2] . While ovarian dysfunction is a major component of the ␣ERKO female infertility [3, 4] , estrogen insensitivity of the uterus is also a contributing factor [5, 6] . Previous characterization of the ␣ERKO uterine function showed that ␣ERKO stroma could be experimentally induced to decidualize using exogenous progesterone treatment and infusion of oil into the uterine lumen as a stimulus to mimic embryo apposition and initiate decidualization [7, 8] . Those studies indicated that development of deciduoma is independent of ER␣ in this model [7, 8] . This was a striking observation considering studies indicating the requirement for estrogen priming for the initiation and development of a decidual response in the mouse [9] [10] [11] . However, the requirement for estrogen priming can be relieved when traumatic stimulus, such as crushing of the tissue, is administered [12] .
In contrast with the decidualization competence of the stroma, the luminal epithelium of the ␣ERKO is refractory to estradiol stimulation, lacking both a proliferative response and the ability to induce synthesis of estrogen-regulated genes [5] . Because epithelial estrogen responsiveness is thought to be important for successful embryo implan-tation, this study examined whether the ␣ERKO uterus was competent for donor embryo implantation.
Several transgenic models with gene disruptions exhibit a phenotype of loss of decidual response, indicating that the expression and activity of those genes are essential to the process. These include the progesterone receptor (PR) [13] , Hoxa10 [14] , a homeobox protein expressed in developing reproductive tract, the enzyme prostaglandin synthase 2 [15] (also called cyclooxygenase 2 or Cox2), leukemia inhibitory factor (LIF) [16, 17] , and interleukin 11 receptor (IL-11 R) [18] , which are a cytokine and a cytokine receptor, respectively. To determine whether altered expression of these genes might lead to the observed relief of ER␣ dependence for decidualization, samples obtained from wild-type (WT) and ␣ERKO mice at the time of the initiation of decidualization were compared.
Cytokine signaling is an important component in implantation and initiation of decidualization, as is illustrated by the loss of these functions in the LIF-disrupted and IL-11 receptor-disrupted mouse models [16] [17] [18] . One mode of cytokine signaling activity through membrane receptors involves activation of Jak kinases, resulting in phosphorylation of Stat proteins, which then dimerize and translocate to the nucleus where they act as transcription factors [19, 20] . Stat3 is similarly activated in mouse uterine luminal epithelial cells when exposed to LIF [21] . Therefore, Stat3 activation, as a reflection of cytokine signaling, was also studied following intraluminal oil infusion in WT and ␣ERKO uteri.
MATERIALS AND METHODS

Animals
All studies were carried out according to an approved protocol as dictated in NIH guidelines and the NIEHS Animal Use and Care committee. For most studies WT, and ␣ERKO females were obtained from our breeding colony at Taconic Farms (Germantown, NY). Adult (3-to 5-mo-old) females were ovariectomized and treated to mimic early pregnancy, as described previously [7] . After housing ovariectomized animals for 2 wk to clear endogenous ovarian hormones, the following hormones were administered to three experimental groups. 1) The EϩPe group was injected s.c. daily for 3 days with 100 ng estradiol (Steraloids, Newport, RI) in 100 l sesame oil (Sigma, St. Louis, MO). On Days 4 and 5, no hormones were administered. Beginning the morning of Day 6, mice were injected daily s.c. with 1 mg of progesterone (Sigma) and 6.7 ng estradiol in 100 l sesame oil. 2) The vehicle group was injected s.c. daily with 100 l sesame oil on Days 1-3 and Day 6 until the day of tissue collection. 3) The P group was injected s.c. daily with 100 l sesame oil on Days 1-3. Beginning the morning of Day 6, mice were injected daily s.c. with 1 mg progesterone in 100 l sesame oil. Six hours following the injection on Day 8, mice from all three hormone treatment groups were lightly anesthetized and sesame oil was forced into the uterine lumen through the vaginal opening as previously described [7] . Uteri were collected 2 or 24 h after oil infusion or on Day 14 for fully developed deciduomas. Uteri from mice treated in parallel with the three experimental groups with the same hormones that were not infused with oil on Day 8 were collected at the same time as the oil-infused groups. One-half horn was fixed in 10% formalin and processed for immunohistochemistry. The remaining uterine tissue was frozen in liquid nitrogen for RNA or protein isolation.
For LIF induction, ovariectomized WT mice were injected with 100 ng estradiol or ethanol vehicle in 100 l normal saline i.p., and uteri were collected 2 h later and frozen in liquid nitrogen for later RNA preparation.
For the implantation studies, WT and ␣ERKO females were ovariectomized and treated with EϩPe as described for group 1 above. Six hours following the hormone injection on Day 8, donor embryos (12-20/per uterine horn) were transferred into the uterine lumen as described in [22] . In some animals, only the left horn received transferred embryos. Daily Pe injections were continued, and uteri were collected on Day 15 and inspected visually for implantation sites. Nodules (apparent implantation sites) were dissected and analyzed for the presence of embryonic tissue under a dissecting scope.
RNase Protection Assays
The cDNA for mouse leukemia inhibitory factor (mLIF) was a gift from Colin Stewart (NCI, Frederick, MD). Antisense mLIF riboprobe was prepared by linearizing the pGEM4-mLIF plasmid with BamHI and transcription with T7 RNA polymerase, producing a 600-nt transcript. The cDNA for mouse Hoxa10 was a gift from Richard Maas (Harvard University Medical School, Boston, MA). The Hoxa10(p1B1)/pGEM-3Z plasmid containing the mouse Hoxa10 cDNA was linearized using XhoI, and antisense mHoxa10 RNA was synthesized using SP6 RNA polymerase, resulting in a 320-nt riboprobe. The riboprobes for mouse progesterone receptor and mouse Cox2 were produced as previously described [4] . The mouse cyclophilin cDNA was purchased from Ambion (Austin, TX) and used to generate antisense riboprobe to normalize sample loading.
Frozen uteri were pulverized into powder and RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Riboprobes were labeled using the Ambion Maxiscript kit (Ambion) and 32PCTP (Amersham, Piscataway, NY). RNase protection assays were carried out using the RPAIII kit and protocols (Ambion). Protected RNA fragments were analyzed following separation on 6% TBE-urea gels (Invitrogen). Bands were detected and quantified using a Storm 850 phosporimager and Image Quant software (Amersham).
Statistical Analysis
Data sets were first tested for homoscedasticity of variance using the Levene test. In cases where data were found to lack homoscedasticity of variance (P Ͻ 0.05), values were log transformed prior to further statistical analysis. In all cases, data sets were analyzed by one-way ANOVA (http: //www.physics.csbsju.edu/stats/anova.html) followed by individual post hoc comparisons (GraphPad.com). Statistical significance was assigned at P Ͻ 0.05.
Immunohistochemistry
Uterine cross sections were embedded in paraffin and mounted on Superfrost/Plus slides (Daigger and Co., Wheeling, IL). Slides were deparaffinized in xylene, processed through 100, 95, and 70% ethanol, and decloaked in citrate buffer (Biocare Medical, Walnut Creek, CA) for 3 min in a Biocare Medical Decloaking Chamber. Endogenous peroxidase was inactivated with 3% H2O2, then slides were rinsed in Automation Buffer (Biocare). Samples were washed with Tris-buffered saline between all steps. Samples were first blocked for 1 h with MOM blocking reagent (Vector Labs, Burlingame, CA), then incubated with anti-PR antibody (Immunotech, Marseilles, France) diluted 1:100 in diluent reagent (Vector) for 30 min. Negative control slides were incubated with diluent. Slides were then incubated with biotinylated anti-mouse IgG (Vector) diluted 1:250 in diluent reagent for 10 min, followed by ABC reagent (Vector) for 5 min, and rinsed in water. The peroxidase activity was visualized with Nova RED (Vector). Slides were counterstained briefly in hematoxylin (Sigma).
Western Blot Analysis
Proteins were isolated from frozen uterine tissue by homogenization with a Polytron homogenizer (Brinkmann, Westbury, NY) in homogenization/immunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.25% sodium deoxycholate) supplemented with protease and phosphatase inhibitors (1 mM Na 3 VO 4 , 1 mM NaF, and 0.05 mM Na 2 MoO 4 , 20 g/ml aprotinin, 20 g/ml leupeptin, 4 g/ml A-PMSF). Protein concentration was assayed using a BCA assay (Pierce, Rockford, IL) and 20 g of protein was boiled in SDS-sample buffer (Invitrogen) with added DTT and loaded on an 8% Tris-glycine gel for Stat 3 analysis or a 10% Tris-glycine gel for Cox2 analysis (Invitrogen). Proteins were separated and transferred to nitrocellulose (Invitrogen) using XcelII apparatus and the manufacturer's protocol (Invitrogen). Efficient transfer was verified using Ponceu Red stain (Sigma). Membranes were blocked for 1 h with 10 ml blocking buffer (5% nonfat dry milk; Kroger, Cincinnati, OH) in TBS-T (10 mM Tris, 137 mM NaCl, pH 7.6, with 0.1% Tween-20; Sigma). Anti-Cox2 was obtained from Cayman Chemicals (Ann Arbor, MI) and was diluted 1:1000 in 10 ml blocking buffer. Anti-Stat3 and anti-phospho Stat3 (pTry705) antibodies were purchased from Cell Signaling (Beverly, MA) and were diluted 1:1000 in blocking buffer. Phospho Stat3 blots were stripped according to the protocol provided with the ECL reagent (Amersham) and reprobed with the Stat 3 antibody. All blots were processed as follows: Antibodies were incubated with the blots overnight at 4ЊC. The membrane was washed in TBS-T (three times for 10 min), then incubated with horseradish peroxidase-FIG. 1. Donor embryos implant in WT but not in ␣ERKO uteri. WT and ␣ERKO females were ovariectomized and then injected with estradiol and progesterone to mimic the hormonal levels of implantation and early pregnancy as described for the EϩPe group in Materials and Methods. Six hours following the Pe injection on Day 8, 15-20 embryos were transferred into the uterine lumen. Daily Pe injections continued until Day 15, when the uteri were collected. Nodules were apparent (N, arrow) in WT uteri; however, ␣ERKO uteri generally lacked nodules. Nodules were dissected and examined for the presence of embryonic tissue. The analysis is summarized in Table 1 . 
RESULTS
Donor Embryo Implantation
Earlier studies demonstrated that the ␣ERKO uterus could undergo decidualization, indicating that this pregnancy-related uterine function does not require functional ER␣ [7] . To determine whether embryos would be able to implant in the ␣ERKO uterus, WT and ␣ERKO females were ovariectomized and treated with exogenous estradiol and progesterone to mimic early pregnancy. This was necessary to achieve a pregnancy-like hormonal environment in which to examine embryo implantation because the ␣-ERKO is anovulatory and, additionally, LH, testosterone, and estradiol levels are chronically elevated due to dysregulation in the hypothalamic-pituitary-gonadal axis [6] . Embryos collected from donor mice were transferred into the uterine lumen of ␣ERKO and similarly treated wild-type (WT) mice. Nodules that appeared to be implantation sites were apparent in WT uteri ( Fig. 1) , whereas significantly fewer sites were seen in ␣ERKO uteri (Table 1) . Nodules were formed in several ␣ERKO uteri: 26 ␣ERKO horns were analyzed, with 7 containing 1-3 nodules (average of 2), whereas 16 of the 21 WT horns inspected had nodules (1-10 per horn, average of 4). Additionally, WT nodules showed evidence of embryonic tissue, while the ␣ERKO nodules consisted of decidualized uterine tissue with no evidence of embryonic tissue (Table 1) . Therefore, the ␣-ERKO uterine tissue is able to decidualize in response to embryo transfer but with low efficiency compared with WT. Additionally, the lack of transferred embryo implantation in the ␣ERKOs and successful implantations in the WT mice indicate that functional ER␣ is required for implantation to occur.
Expression of Decidualization-Associated Transcripts
Previous observations of estrogen-independent decidualization in the ␣ERKO prompted investigation of the mechanism leading to the relief of estrogen dependence of this process. The disruption of PR, Hoxa10, Cox2, or LIF in transgenic mice results in loss of the decidualization response [13] [14] [15] [16] [17] [18] . Therefore, the expression of these genes was studied in WT and ␣ERKO uteri as affected by the following parameters: 1) Comparing expression following vehicle, progesterone alone (P), or estradiol priming followed by progesterone with nidatory estradiol (EϩPe) and 2) comparing expression following the above hormonal manipulations in addition to luminal injection of oil as used previously as decidualization-initiating stimulus. As described previously [7] and in the Materials and Methods section, 6 h after s.c. injection of vehicle, P, or EϩPe on Day 8, sesame oil is infused into the uterine lumen through the vaginal opening. This oil infusion, with proper EϩPe priming (WT) or P priming (␣ERKO), leads to eventual development of deciduoma [7] . For these studies, however, samples were analyzed 2 or 24 h after the oil infusion to allow analysis of early signaling events that initiate the processes required for development of deciduomas.
When PR ( Fig. 2A) and Hoxa10 (Fig. 2B ) expression were measured by RNase protection assay (RPA), they were both readily detected in WT and ␣ERKO uteri following EϩPe treatment. In addition, expression was not altered when measured 24 h after intraluminal oil infusion, indicating this stimulus does not cause changes in expression of PR and Hoxa10. Samples from mice treated with vehicle or P alone also had comparable expression of PR and Hoxa10. Samples isolated from decidualized tissues of WT or ␣ERKO mice showed elevated expression of PR and Hoxa10. Overall, it appears that the regulation of the expression of these genes was not altered in the ␣ERKO.
Progesterone Receptor Immunohistochemistry
Although no variation in the expression of PR mRNA in whole uterine samples was apparent (Fig. 2) , the protein expression level or localization might vary. Therefore, PR expression was studied using immunohistochemical staining of uterine cross-sections from WT and ␣ERKO mice treated as described above. In the WT samples, P or EϩPe treatment shifted PR localization from the epithelial compartment to the stromal compartment (Fig. 3, A-C) . In addition, 24 h after intraluminal oil infusion, stromal cells in EϩPe-treated and, to a lesser extent, in P-treated samples showed an accumulation of fibrillar to vacuolated material and cytoplasmic enlargement consistent with early decidual changes (Fig. 3, E and F) . Nuclear PR staining was more intense in the WT stroma after EϩPe treatment and oil infusion in comparison with the P treatment after oil. This indicates that, although the overall PR mRNA expression detected in the RPA ( Fig. 2A) was not altered by estradiol (E) priming or oil infusion, the types of cells in which PR was expressed was affected. Although the stromal cells in the P-treated sample following oil infusion showed early changes of decidualization, E priming was required for the full development of deciduomas [7] .
In the ␣ERKO samples, P or EϩPe treatment also shifted PR localization from the epithelial to the stromal compartment. Oil infusion in the ␣ERKO resulted in increased intensity of nuclear PR staining (Fig. 3 , J-L) even in vehicle-treated samples. Although PR mRNA expression was comparable in most samples (Fig. 2) , the localization of PR protein (Fig. 3) showed increased expression in the stroma following intraluminal oil infusion that is hormone-independent in the ␣ERKO but estrogen-dependent in the WT. In addition, the oil infusion appeared to result in damage to the ␣ERKO tissue, with disrupted stromal cell contacts as well as damage to the luminal epithelial cell layer (Fig.  3) .
Induction of Cox2 by Oil Infusion
Cox2 mRNA expression has been previously shown to increase in response to oil infusion of the uterine lumen with two peaks of induction [15, 23] . An early robust increase occurs within 2 h of oil infusion, while a second peak of lower magnitude occurs 24 h after oil infusion. To determine whether Cox2 expression was altered in the ␣ERKO, mRNA and protein levels were studied following vehicle, P alone, or EϩPe treatment as well as without oil infusion or 2 or 24 h after oil infusion and compared in WT and ␣ERKO samples. RPA analysis of RNA samples collected from P only or EϩPe-treated mice shows that Cox2 expression could not be detected prior to oil infusion (Fig. 4A) . Oil infusion lead to robust induction of Cox2 mRNA in WT and ␣ERKO samples after 2 h, independent of E priming. Western blot analysis of WT and ␣ERKO samples showed E independent induction of Cox2 protein 2 h after oil infusion as well (Fig. 4B) . A second, less robust induction occurred 24 h after oil infusion. The Cox2 mRNA level induced 24 h after oil infusion was not significantly elevated over the control (Fig. 4A) , although a protected band was visible. The lack of significant elevation is due to the difficulty quantifying low-level RNA fragments. Lack of E priming, however, seemed to diminish this induction 24 h after oil infusion at the mRNA level in the WT sample (Fig. 4A) . Interestingly, E priming of the ␣ERKO was not required for the Cox2 increase 24 h after oil infusion (Fig. 4A) . Further analysis, including Western blot, confirmed the requirement for E priming for Cox2 mRNA or protein induction 24 h after oil infusion in the WT (Fig. 5) . Although bands were visible on the RPA analysis, they were again at a low level and, when quantified (not shown), did not reveal significant elevation above noninfused. Western blot analysis clearly confirmed the Cox2 mRNA induction at the protein level. In the ␣ERKO, however, the Cox2 mRNA and protein induction 24 h after oil infusion was completely hormone independent, as vehicletreated samples also showed induction (Fig. 5) .
Induction of LIF mRNA
The cytokine LIF is induced in the mouse uterus around the time of implantation; in addition, LIF can be induced in response to estradiol treatment [24, 25] . LIF is required for decidualization and implantation, as illustrated by the lack of these responses in the LIF-deficient transgenic mouse [16, 17] . LIF expression was studied in WT and ␣ERKO uterine samples in order to determine whether it was altered in the ␣ERKO. LIF could be detected in 5-g RNA samples from ␣ERKO uteri; however, because the level of expression was lower in WT samples, 15 g of RNA from these samples had to be used. LIF mRNA is increased within 1-2 h following treatment with E in the WT but not the ␣ERKO uterus (Fig. 6, lanes 13-16) . LIF is also induced 1-2 h after intraluminal oil infusion, and this induction occurs in WT samples that were not treated with E (Fig. 6, lanes 1-4) . Interestingly, WT samples that were treated with EϩPe expressed LIF mRNA at a level comparable with that seen following oil infusion in the vehicle or P-only-treated WT samples (Fig. 6, lane 5) . Oil infusion did not lead to further increase in LIF in the WT EϩPe group (Fig. 6, lane 6) , indicating the E-stimulated expression of LIF was not further increased. In addition, this oil infusion-stimulated induction is more robust in the 6, 13-15) , or E ϩPe (lanes 7-9, 16-18). Some samples were collected 24 h after intraluminal oil injection (lanes 2, 3, 5, 6, 8, 9, 11, 12, 14, 15, 17, 18) . Five micrograms of uterine RNA were analyzed by RPA (top panels) for Cox2 mRNA expression and cyc to normalize for sample loading. Twenty micrograms of protein were analyzed by Western blot for the presence of Cox2 protein. Each lane (protein or RNA) was a pool of 2-3 individual uterine samples and represents 1-2 sample pools.
␣ERKO samples and is not dependent on hormone priming (Fig. 6, lanes 7-12) .
Oil Infusion Results in Stat3 Phosphorylation
The oil infusion stimulus used for induction of deciduomas in these studies is reminiscent of a cardiomyocyte model in which stretching of the cells initiates membrane receptor mediated signaling, including cytokine signaling [26] . One target of cytokine receptor activation is Stat3, which is phosphorylated and translocated to the nucleus, where it acts as a transcription factor. Indeed, LIF signaling through its receptor results in Stat3 activation in the uterine luminal epithelium at the time of implantation [21] . Therefore, as an indicator of activation of signaling that might occur following oil infusion, Stat3 activation was studied in samples from animals treated with vehicle, P alone, or EϩPe. Initial studies in WT animals indicated Stat3 was phosphorylated beginning 1 h after oil infusion (not shown). When measured 2 h after oil infusion, phosphorylated Stat3 was increased in WT and ␣ERKO samples independent of administration of hormones (Fig. 7) , although some phospho-Stat3 was present in samples that did not have oil infusion. Reprobing the same blots with antiStat3 antibody, which recognizes both unactivated Stat3 and phospho-Stat3, indicated that the treatments did not alter the amount of Stat3 protein (Fig. 7, bottom panels) ; 2, 7, 8, 13, 15 ), estradiol for 2 h (lanes 14, 16), P (lanes 3, 4, 9, 10), or EϩPe (lanes 5, 6, 11, 12) as described in Materials and Methods. Some samples were collected 2 h after oil infusion (lanes 2, 4, 6, 8, 10, 12 ). Fifteen micrograms of WT RNA or 5 g ␣ERKO RNA was used in the analysis in lanes 1-12, and 10 g WT or ␣ERKO RNA was used for analysis in lanes 13-16. Table: The level of LIF mRNA determined from phosphorimager data. The values are expressed as percent cyclophilin ([LIF volume/cyclophilin volume] ϫ 100). The data are the average value for each group. The table also gives the standard deviation (SD) for each value as well as the number of samples (n) averaged to obtain the value. Lanes 1-12 are each from an individual uterus. *Sample groups 2, 4, 8, 10, and 12 are significantly different from groups 1, 3, 7, 9, and 11, respectively, with 95% confidence. **Fold induction in the ␣ERKO samples is significantly higher than in the equivalently treated WT samples. however, the Stat3 level is lower in all the ␣ERKO samples. These results indicate that the Stat3 is present and becomes phosphorylated in both the WT and ␣ERKO uterine tissues in response to oil infusion.
DISCUSSION
This study addressed two components of uterine function in the ␣ERKO. First, the ability of the ␣ERKO uterus to implant donor embryos was evaluated. Second, the expression of components that might account for the previously observed lack of estrogen dependence for development of deciduoma in the ␣ERKO was studied.
For pregnancy to be successful, the uterus must be competent for embryo implantation, which requires the establishment of a functional implantation site and stromal decidualization. Earlier studies have indicated that decidualization can be induced in the absence of ER␣ [7, 8] . However, this is primarily a progesterone-dependent stromal cell response. The initiation of implantation occurs at the luminal epithelium, a uterine component that is highly sensitive to estrogen stimulus. Interestingly, tissue recombination studies using separated stromal and epithelial uterine components from ␣ERKO and WT mice have indicated that the epithelial proliferative response as well as the attenuation of PR expression of the uterine luminal epithelium following estradiol stimulation requires stromal but not epithelial ER␣ [27, 28] . Such studies illustrate that the uterine epithelial and stromal cells are separate yet interacting components, indicating stromal competence might compensate for epithelial dysfunction in some processes. Implan-tation in the mouse is highly sensitive to estrogen, as illustrated by the delayed implantation model in which the implantation window can be delayed by withdrawal of estrogen while maintaining progesterone [29] . Subsequent estrogen replacement results in implantation in this model, which is initiated by embryo attachment to and invasion of the epithelial cell layer. Therefore, one might expect implantation, unlike decidualization, would be more dependent on estrogen responsiveness and epithelial competence. Indeed, no evidence of implanted embryos was found in the ␣ERKO following donor embryo transfer. Because the uterine tissue was analyzed 7 days after embryo transfer, if early implantation events did occur or if embryos implanted but were then reabsorbed in the ␣ERKO, they might not have been detected in our analysis. However, the few nodules formed in the ␣ERKOs lacked embryonic tissue, whereas WT sites either contained live embryos developed to Day 10 or contained dead embryos that were arrested at Day 7 or later. Thus, tissue from implanted embryos that ceased developing 2-3 days prior to analysis was still detectable.
The second component of this study was determining whether the hormone and/or intraluminal oil infusion responsiveness of several genes involved in the decidual response was altered in a manner that might account for the relief of estrogen dependence. The whole-tissue mRNA levels of Hoxa10 and PR were not altered in WT samples compared with ␣ERKO samples, nor did hormonal treatments vary the expression. Thus, although PR and Hoxa10 play important roles in decidualization, it appears that their expression is not regulated by the components manipulated for initiation of decidualization. In fact, they are expressed even under conditions that do not lead to deciduoma formation (ovariectomy and vehicle treatment, lack of oil infusion), indicating it is not induction of expression that is important for their function in decidualization response but their interaction in other responses that they mediate.
Although the overall uterine PR mRNA expression did not vary (Fig. 2) , the localization of the PR protein was altered both by hormonal treatment as well as oil infusion. As previously observed, PR is primarily localized in the epithelial cells in ovariectomized WT and ␣ERKO (Fig. 3 , [28, 30] ). P treatment in both the WT and ␣ERKO shifted PR expression from the epithelial cells to the stroma. In addition, oil infusion led to further increases in stromal PR, with the greatest increase in the WT seen with EϩPe priming. In the ␣ERKO, however, even vehicle-treated samples showed a significant increase in PR following oil infusion (Fig. 3) . Interestingly, previous research indicated that estrogen could increase stromal PR expression in the ␣ERKO [28] . This response was not studied here, yet our observations indicate that stromal PR is also induced readily 24 h after oil infusion independent of estrogen. The lack of a requirement for any E priming for this response in the ␣ERKO rules out a role for ER␤ for the increase in stromal PR staining observed following oil infusion. P priming is required for development of the deciduoma; thus, the increased stromal PR expression without the requirement for E priming in the ␣ERKO might increase the sensitivity of the ␣ERKO stromal cells during deciduoma development. In contrast, although there is stromal PR expression in the WT, the E-dependent increase in the WT following oil infusion may be required for full progesterone responsiveness and development of deciduoma. Indeed, despite some indication of cytoplasmic enlargement consistent with early decidual changes in the WT progesterone-treated sample 24 h after intraluminal oil injection (Fig. 3E) , this treatment does not lead to a full deciduoma development [7, 30] .
Cox2 induction is essential to decidualization, and in the case of the WT, it is apparent that, although the initial Cox2 mRNA and protein induction 2 h after oil infusion is independent of hormone priming, the increase observed 22 h later is only apparent following EϩPe priming. This 24-h post-oil-infusion Cox2 increase remains independent of hormone in the ␣ERKO. It appears that this later-maintained Cox2 induction in combination with progesterone stimulation might allow deciduoma to develop. Interestingly, Cox2 remains elevated in both WT and ␣ERKO fully developed deciduomas (not shown).
The final component of this study was examining LIF expression and Stat3 phosphorylation as indicators of cytokine signaling, a pathway known to be important for initiating implantation and decidualization. Disruption of LIF or IL-11 receptor leads to loss of a decidual response [17, 18, 31] . The initiating stimulus for artificial induction of deciduoma development is reminiscent of a model developed to study the effects of stretching on cardiomyocytes [26] . The responses induced in cardiomyocytes following stretching included induction of cytokines, resulting in activation of cytokine receptors and associated Jak-Stat pathways. In the uterus, LIF mRNA was induced by 1-2 h of E treatment in the WT or following oil infusion in non-Etreated WT and all ␣ERKO-treatment-group mice. In addition, IL-11 was similarly induced (not presented). The magnitude of induction of LIF following oil infusion was greater in the ␣ERKO, suggesting loss of estrogen regulation is compensated for by oil infusion-induced expression. Therefore, although ␣ERKO mice lack estradiol induction of LIF, increased LIF induction in response to oil infusion might supply LIF for the initiation of development of the deciduoma. It is clear that LIF is a necessary component for decidual development, as LIF-deficient mice can undergo decidualization when LIF is injected at the time of oil infusion [24] . Additionally, LIF injection can replace the nidatory estrogen normally required for embryo implantation in WT mice [24] . LIF receptors have been localized to the uterine luminal epithelium [21] , yet this uterine compartment is not responsive to estradiol and is severely damaged in the ␣ERKO following oil infusion (Fig.  3) , appearing to be disrupted or completely missing in some sections. Thus, it will be important in future studies to localize the LIF receptors in the ␣ERKO uterus to determine whether they are still present and thus involved in decidual response.
LIF and other cytokines signal through heterodimeric membrane receptors that activate Jak-Stat pathways. Phosphorylation of Stat proteins results in their dimerization and translocation to the nucleus, where they function as transcription factors through serum response elements in target genes [19, 20] . LIF treatment of cultured uterine luminal epithelial layers results in Stat3 activation [21] . Because we showed LIF mRNA induction following oil infusion and because this might result in cytokine receptor signaling, Stat3 phosphorylation was studied following oil infusion. Stat3 was phosphorylated following oil infusion in both WT and ␣ERKO uteri independent of hormone priming. Although this is not conclusive evidence for LIF-dependent Stat3 phosphorylation, it is suggestive of this mode of cytokine signaling. The observation that oil infusion did not lead to further LIF induction in the WT that was treated with EϩPe but did result in increased Stat3 phosphorylation suggests that there is another component involved in Stat3 activation. Interestingly, in vitro studies have indicated that Stat3 can interact with ER␣ and that this interaction regulates Stat3 transcriptional activity in an estrogen-dependent manner [32, 33] . Therefore, it will be important to determine whether LIF is directly responsible for Stat3 phosphorylation and also whether ER␣ ablation alters Stat3 transcriptional activity in the ␣ERKO uterus.
The appearance of the ␣ERKO uterine tissue histology 24 h after oil infusion is much different than that of the WT uterine tissue (Fig. 3) , with much damage to the luminal epithelial and stromal layers. The stromal cells are condensed, the nuclei are hyperchromatic, and there is a decrease in cell-to-cell contact. This increased damage as a result of oil infusion may also account in part for the relief of estrogen dependence for deciduoma development in the ␣ERKO. It is known that severe trauma, such as crushing the uterine tissue, relieves estrogen dependence for decidualization in WT mice [12] . Thus, due to the hypoplasticity of the ␣ERKO uterine tissue [2] , the oil infusion might lead to greater damage than the same infusion in a WT, which might allow the decidual development to proceed despite the lack of ER␣ or estradiol. One initiator of decidualization is the penetration and apoptosis of the epithelial layer by the implanting embryo [1] . Because the epithelial layer is so severely damaged in the ␣ERKO by oil infusion, this may serve as a strong stimulus to initiate stromal transformation. The damage in the ␣ERKO has been observed to various degrees in all sections from many uteri examined in the course of this study. However, because the sections were cross-sections and not representative of the entire length of the uterus, a more complete analysis would be required to determine the degree of damage in the whole uterus. Interestingly, damage to the epithelial cells is present in the WT samples as well 2 h after oil infusion (unpublished data), indicating that the difference may not be the degree of damage but the rate of progression of the subsequent response in the tissue. The increased damage in the ␣ERKO may initiate a prolonged inflammatory response, leading to the maintained elevation of Cox2 seen 24 h after oil infusion (Figs. 4 and 5) . Finally, as the ␣-ERKO stromal cells are expressing elevated PR as a result of the oil injection, their sensitivity to progesterone, together with elevated Cox2, could lead to development of deciduoma. These combined effects are not all directly related to ER␣ ablation but are also a consequence of the immaturity of the uterine tissue as a result of estrogen insensitivity. These observations combined with previously published studies illustrate that 1) estrogen is essential for epithelial proliferative and implantation responses and 2) estrogen is dispensable for signaling that leads to stromal decidual response. Future studies will further explore the signaling mechanisms leading to decidual transformation of the stroma.
